Osteocytes are the most abundant cells in bone and are ideally located to influence bone turnover through their syncytial relationship with surface bone cells. Osteocyte-derived signals have remained largely enigmatic, but it was recently reported that human osteocytes secrete sclerostin, an inhibitor of bone formation. Absent sclerostin protein results in the high bone mass clinical disorder sclerosteosis. Here we report that within adult iliac bone, newly embedded osteocytes were negative for sclerostin staining but became positive at or after primary mineralization. The majority of mature osteocytes in mineralized cortical and cancellous bone was positive for sclerostin with diffuse staining along dendrites in the osteocyte canaliculi. These findings provide for the first time in vivo evidence to support the concept that osteocytes secrete sclerostin after they become embedded in a mineralized matrix to limit further bone formation by osteoblasts. Sclerostin did not appear to influence the formation of osteocytes. We propose that sclerostin production by osteocytes may regulate the linear extent of formation and the induction or maintenance of a lining cell phenotype on bone surfaces. In doing so, sclerostin may act as a key inhibitory signal governing skeletal microarchitecture.
osteocytes send an inhibitory signal to osteoblasts at a bone-forming surface via their newly formed canalicular processes, causing the adjacent osteoblast to slow osteoid formation. Martin (5, 6) then proposed that the same signal maintained bone lining cells in a quiescent state, against their natural tendency to reactivate the remodeling process. In this way, the exponential decline in bone formation rate at forming sites could be explained as new osteocytes were formed (5) , with the density of osteocytes determining the completed osteonal wall thickness and haversian canal size for optimal osteocyte nutrient exchange (7) . In addition, the correct balance between bone formation and its inhibition could be maintained if production of the signal was sensitive to mechanical loading (8) . Until recently no candidate factors had been identified that were osteocyte-derived osteoblast inhibitors.
Recent in vitro experiments have shown that the secreted protein product of the SOST gene, sclerostin, is a negative regulator of osteoblasts and might be exclusively osteocyte derived (9) . As such it might be a good candidate to fulfill the functions suggested by Marotti et al. (3, 4) and Martin (5, 6) . How sclerostin inhibits the function of osteoblasts has been the subject of intensive recent study (9) (10) (11) (12) .
The aim of the present study was to determine at what stage normal osteocytes express sclerostin in human bone. We aimed to confirm the exclusive location of sclerostin in osteocytes and its dendrites and to define the relationship between sclerostin expression and markers of bone formation within the same osteon. Our working hypothesis was that sclerostin as a secreted osteocyte-derived protein is produced at or after primary mineralization has occurred in the newly forming osteon to permit the appropriate amount of bone formation. Given existing knowledge of the in vitro activity of sclerostin (9) (10) (11) (12) , its delayed production by osteocytes could then be responsible for arresting osteoblasts at an appropriate stage of formation and could influence osteoblast transformation into the bone lining cell phenotype or promote their apoptosis. Finally, we sought evidence whether sclerostin might influence the recruitment of osteoblasts to the osteocyte phenotype by comparing a surrogate marker of osteocyte recruitment (the lacunar density) within osteons of patients with absent sclerostin (sclerosteosis) and controls.
MATERIALS AND METHODS
Trans-iliac biopsies were taken from 14 (3 female, 11 male) patients 10 wk after a stroke (mean age 70.7, SD 11). Biopsies were taken after a standard fluorochrome (demeclocycline 400 mg BD) labeling regime (2 days of drug, 10 day gap, 2 days of drug, 4 day gap then biopsy). The trans-iliac biopsies were taken with a 7.5 mm internal diameter modified Bordier's trephine. Five of the patients were randomized to a single dose of 4 mg zoledronic acid that was administered 30−50 days before the trans-iliac biopsy (means=40±8), with the remainder receiving a placebo infusion. Zoledronic acid has a terminal elimination half life of 146 h. All patients received calcium and vitamin D supplements during the period of investigation. The specimens were cut in half longitudinally, briefly dipped in a 5% solution (w/v) of polyvinyl alcohol (PVA), and then chilled in N-hexane and stored at -80°C before they were sectioned with a cryostat (Brights, Huntingdon, UK). Sections (10 μm thick) were captured onto 50 mm × 10 mm strips of Ultraclear tape (TAAB Laboratories Equipment, Berkshire, UK). The experimental protocol was approved by the Cambridge Regional Ethics Committee.
Immunohistochemistry
A panel of 30 mouse monoclonal antibodies was generated against full-length human sclerostin and tested on human bone biopsies (9) . The antibody used for this study was hybridoma supernatant H7 of the IgG-1k isotype. The specificity of the antibody was tested by immunostaining with clone H7 in surgical bone biopsies from six sclerosteosis patients (who, due to a premature C69T stop codon at the first exon of the SOST gene, are unable to translate SOST mRNA into sclerostin protein and are therefore the ideal negative control tissue). No immunostaining was seen after these tissues were stained.
After being air dried, frozen sections were incubated in 0.3% hydrogen peroxide in methanol to quench endogenous peroxidase activity. Sections were washed with phosphate buffer solution (PBS) and then blocked in normal serum (Vectorstain Elite Universal ABC kit; code PK-6200; Vector Laboratories) for 1 h. Thereafter sections were incubated overnight in a humid chamber at 4°C in mouse monoclonal antibody IgG clone H7 (2.21 mg/ml) at a dilution of 1:1200 or the same concentration of nonimmune mouse IgG (Vector Laboratories, code . After being washed twice with PBS, sections were incubated with biotinylated anti-mouse/rabbit secondary antiserum (Vector; PK-6200) for 30 min. After being washed, the sections were incubated in a solution of avidin/biotin enzyme complex for 1 h (Vector; PK-6200). Immunoperoxidase activity was visualized by reaction with DAB substrate (Vector; SK-4100). Sections were rinsed in distilled water before being counterstained with toluidine blue (Sigma-Aldrich toluidine blue 0.2 mg/100 ml, pH 4.2, code T-3260) for 2 min. Sections were passed through graded alcohols and cleared in xylene before being mounted in DPX (Fisher Chemicals; Fig. 1 ).
Image analysis
Cortical bone was captured at ×10 magnification using bright-field illumination and automated montaging software with a resolution of 1 pixel per μm. For cortical bone, these were large fields up to 7 mm 2 . Full resolution bitmap images were analyzed using a PC with a digitizing tablet and drawing pen (Summasketch II plus, Summagraphics). Osteocytes positive for sclerostin were marked on the image using PaintShop Pro v7.00 (JASC software, Banbury, UK) as well as negative osteocytes, the haversian canal surfaces, and endosteal/periosteal bone surfaces (Fig. 2 , right panel). In the case of irregular or elliptical canals (e.g., canal 1, Fig. 2 ), the canal crosssection was filled with several touching circular masks of varying radii. The images were thresholded and analyzed automatically using Scion Image (version β 4.0.2) to give a number and location (X-Y coordinates) of the approximate center of each osteocyte (Fig. 2, X o , Y o ) and the center and area of each haversian canal or canal circular mask (Fig. 2, X c1 , Y c1 ) . A software macro was used to convert the bone surfaces into a series of X-Y coordinates (Fig. 2, X p , Y p ) . The distance between osteocytes and their nearest surface (haversian canal or endo/periosteal surface) was calculated automatically using an Excel spreadsheet (13) . The spreadsheet calculated the distance from every osteocyte X o , Y o to every other XY coordinate (field edge, haversian canal/mask center, bone surface) in the field using Pythagoras' theorem ( Fig. 2, equations) . The canal or mask radius was automatically subtracted in the case of distance from haversian canals. The output from the spreadsheet was the distance of the osteocyte from its closest surface/edge and a numerical designation for the relevant surface/edge (canal/mask number, periosteal/endosteal surface number, image edge). This information was exported to JMP (v 4.0, SAS Institute, Cary, NC). Osteocytes that were nearest to the cut edge of the biopsy or the field edge were excluded. In Fig. 2 the osteocyte (X o , Y o ) is nearest to canal 1. By analyzing 14 biopsies in this fashion, the median distance from the closest surface (MDS) was calculated (in μm). In addition, the sclerostin status of osteocytes within 150 μm of the intact periosteal surface was evaluated. For cancellous bone analysis, 5 fields (482×364 μm) per section were captured from each of 13 biopsies (1 biopsy had no cancellous bone due to sawing artifact at the embedding stage).
Serial sections (4×10 μm sections)
The experiment was repeated using serial sections in five of the patients known to have good demeclocycline double-labeling. Section 1 was a control section stained as above, with nonimmune mouse IgG at the primary stage and toluidine blue counter stain (see Fig. 3B ). Section 2 was stained for sclerostin as above (Fig. 3A) . Section 3 was dehydrated, cleared, and mounted without staining for fluorescence microscopy ( Fig. 3D ). Section 4 was stained for alkaline phosphatase (Fig. 3C ), using methods described previously (14) . It appeared that the majority of osteons and cortical BMUs contained sclerostin positive osteocytes. There were fewer osteons containing mixed (positive and negative) osteocytes and very few consisting of exclusively sclerostin negative osteocytes. To define this relationship within osteons, sections were first captured using bright-field illumination as before. The montage was repeated without moving the section under polarized light. Unstained sections were montaged using fluorescence illumination. Cement lines, haversian canals, and bone surfaces were drawn on the polarized image to create a mask. The mask was then transferred onto an image of the same cortex captured under normal light and modified by marking the sclerostin status of each osteocyte. Finally, the modified mask was transferred onto the image of the serial section stained for ALP. With the use of this method only those osteocytes clearly within an intact osteon were assessed (282 osteons containing 2812 osteocytes in total).
Sclerostin status of osteocytes in forming and mineralizing osteons
With the use of high power objectives (from ×20 to ×100 Oil immersion), seven osteons in total were identified that displayed both alkaline phosphatase staining and at least one fluorescent label on the serial section. Images were processed as before. Osteocytes that were located between the first chronological fluorescent label and the bone surface (n=28) were identified as "newly embedded" (Fig. 3A, E, and F) . The sclerostin status of the osteocytes was recorded.
Sclerostin status of osteocytes beneath eroded surfaces
Twenty ALP negative sites with an eroded surface were identified in the cortex/endocortex using polarized light and toluidine blue stained serial sections; 188 osteocytes located within 150 μm of the eroded surface were analyzed for sclerostin status and distance from the eroded surface on the adjacent sections.
Lacunar density in osteons from patients with sclerosteosis and controls
Undecalcified embedded mastoid bone specimens removed during the operation were stained using Goldner's trichrome in three cases of sclerosteosis (1 female, 2 males; ages 8, 11, and 13) and three controls (3 males; ages 7, 7, and 8). Osteons were identified as before. The mean 
Statistics
Where data were normally distributed, Student's t test was used. Where two measurements were made within the same biopsies matching pairs, t test was used. The Wilcoxon/Kruskal-Wallis test was used to test nonnormally distributed data. The relationship between the sclerostin status of osteocytes within an osteon and ALP status of the osteon was examined in two ways. The first approach was to categorise osteons into three groups depending on the sclerostin status of the osteocytes within them [(1) all sclerostin positive, (2) mixed, and (3) all sclerostin negative] with a subsequent contingency analysis. The second approach was to calculate the proportion of sclerostin positive osteocytes for each osteon and assess the data using logistic regression with the outcome variable being the presence or absence of ALP at the osteon surface.
RESULTS

Percentage of sclerostin positive osteocytes in cortical and cancellous bone
In undecalcified, unfixed human bone, osteocytes were the sole cell type expressing sclerostin (Fig. 1A) . In cortical osteocytes from 14 subjects, the median percentage positive for sclerostin was 84.5% (IQR 76.8, 89.4). In cancellous bone the median percentage positive was 72.4% (IQR 67.7, 83.3, P=0.08 for the difference, Wilcoxon test). Osteoblasts and lining cells were consistently negative, whether located in haversian canals (Fig. 1C) , BMUs, or at the periosteum (Fig. 1D ). Osteoclasts were found to be negative for sclerostin staining (data not shown). There was no specific staining seen in serial sections when nonimmune mouse IgG was used instead of primary anti-sclerostin antibody (Fig. 1B) . Images captured at higher power (Fig. 1E) confirmed the location of sclerostin in canaliculi and lacunar walls. A montaged image of a pair of osteocytes (Fig. 1F ) taken under oil immersion shows extensive staining along the canaliculi. There was no difference in percent sclerostin expression (cortical or cancellous) in the four patients administered a single bisphosphonate dose compared with those given a placebo (P=0.68 cortical, P=0.33).
Distances of sclerostin positive osteocytes from surfaces in cortical bone
The distance of each cortical osteocyte to its closest surface (i.e., haversian canal or endo/periosteal surface) was calculated for sclerostin-positive and sclerostin-negative osteocytes in 14 biopsies. Because the distributions of distance from closest surface were approximately log normally distributed, the data were described by the median and inter-quartile range. For the entire population of osteocytes, the median distance from the closest surface (MDS) was calculated. Sclerostin negative cells were located closer to surfaces (MDS 57 μm, IQR 33, 96, n=1098) than sclerostin positive cells (MDS 102 um, IQR 68, 144; n=5133). The difference between medians was highly statistically significant. P < 0.0001. The range of MDS among individual patients was 81−133 um (sclerostin positive) and 39−89 μm (sclerostin negative).
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Analysis of osteons, forming surfaces, eroded surfaces, and periosteal surfaces
In total 282 osteons were analyzed (Table 1) . By categorizing osteons based on their sclerostin status, contingency analysis confirmed that quiescent (ALP negative) osteons were more likely to contain all sclerostin positive osteocytes, whereas forming (ALP positive) osteons were more likely to contain sclerostin negative or mixed osteocytes, (χ 2 =33.5; P<0.0001; Table 1 ). The relationship was confirmed with logistic regression, which showed a significant positive association between the proportion of sclerostin positive osteocytes within an osteon and the probability that the canal was ALP negative (χ 2 =23.48; P<0.0001). Analysis of high power images confirmed that 27 of 28 (96.4%) recently embedded osteocytes (between the first fluorescent label and the bone surface) were negative for sclerostin (Fig. 3A, E, and F) .
Within 150 μm of an eroded surface, 90.4% (170/188) of osteocytes were sclerostin positive, which was not significantly higher than the overall percent sclerostin positive osteocytes for the relevant biopsies (P=0.19). Within 150 μm of the periosteum, 74.8% (437/584) of osteocytes were sclerostin positive, which was not significantly different from the overall percent sclerostin positive osteocytes from the relevant biopsies (P=0.94). However, the distribution of percent negative osteocytes plotted in 10 μm bands from the periosteal surface inward revealed a Gaussian distribution with the highest percentage sclerostin negative osteocytes close to the surface (Fig. 4) .
Osteonal lacunar density in mastoid specimens from sclerosteosis vs. controls
Sclerosteosis is a bone disorder that results from two copies of a single nucleotide mutation in the SOST gene and therefore absent sclerostin protein (15, 16) . Clinically, sclerosteosis patients display hyperostosis with narrowing of skull foramina leading to cord compression as well as cranial nerve compression, facial nerve entrapment, hearing loss, and headaches often presenting at a young age (17) (18) (19) (20) (21) . Histomorphometry in such patients reveals a low-normal eroded surface but doubling of the cancellous bone volume and labeled surface. There is also a fivefold higher osteoid volume and raised mineral apposition rate and bone formation rate (22) . In addition, craniotomy specimens reveal thickened cortical bone, with an elevated osteoid surface but normal osteoid thickness. If sclerostin secretion by osteocytes in normal bone is a dominant signal responsible for the local recruitment of osteoblasts to become osteocytes through their embedding in osteoid during bone formation (3, 4) , a reduction in the number of osteocytes per square millimeter of bone (osteonal osteocyte density/mm 2 ) would be expected in the sclerosteosis bone. There was no significant difference in osteonal lacunar density between patients with sclerosteosis (mean lacunar density 292/mm 2 , SE 28.5) and controls (258/mm 2 SE
15.6, P=0.3).
DISCUSSION
We conclude that sclerostin secretion by new osteocytes is a delayed event so that they must in some way mature or receive a signal that triggers sclerostin expression. These findings are consistent with the concept that newly embedded osteocytes secrete sclerostin after the onset of mineralization to inhibit cortical bone formation and osteon infilling by cells of the osteoblast lineage (Fig. 5) . The majority of completed cortical osteons (66%) contained only sclerostin positive osteocytes, indicating that production of this inhibitory signal is prevalent in osteocytes after their surrounding matrix is mineralized. Our findings are in keeping with in vitro experiments using cultures of differentiating osteoblast-like cells, since SOST mRNA expression was not detected in undifferentiated cells but occurred after the onset of mineralization (9) . The murine cell populations in such in vitro systems may include osteocyte-like cells embedded in mineralizing nodules, so that it is conceivable that the low level SOST mRNA seen was derived from osteocytes (9) .
We have shown that the majority of osteocytes stain for sclerostin with a trend toward a higher percentage of cells sclerostin-positive in the cortex (median 85.9%) than in cancellous bone (median 74.2%, P=0.08). Osteoblasts, lining cells, and periosteal osteoblasts did not exhibit sclerostin staining in iliac bone. The results from exploring the spatial relationships of sclerostinpositive osteocytes within osteons indicated that sclerostin-negative osteocytes were significantly closer to bone surfaces (haversian canals and periosteal and endosteal surfaces) than the more numerous sclerostin-positive osteocytes.
By examining serial sections of sclerostin, alkaline phosphatase, and double-tetracycline labeled bone, the close spatial relationships between sclerostin-negative osteocytes and forming/mineralizing surfaces have been demonstrated. Recently-embedded osteocytes including those within unmineralized osteoid were almost all negative for sclerostin. The more sclerostin negative osteocytes were found within an individual osteon, the more likely the osteon was to be in the process of bone formation, during which retiring osteoblasts become newly embedded as osteocytes. Since the first demeclocycline treatment finished 16 days before the bone biopsy was performed (2-10-2-4 day regimen), it is estimated that most new osteocytes are negative for sclerostin staining for at least 16 days. Sclerostin protein expression has been located in osteocytes and hypertrophic chondrocytes in human bone biopsies (9, 10). Winkler et al. (10) also reported weak staining in osteoblastic cells, but we did not find any sclerostin protein expression in osteoblasts or bone lining cells in our iliac bone specimens, although immunohistochemistry may not be able to detect very low protein concentrations. This supports the previously reported absence of staining in osteoblasts (9) . Furthermore, we did not find any sclerostin expression in osteoclasts, which is in keeping with reports by Winkler et al. (10) and van Bezooijen et al. (9) but is in contrast to the report by Kusu et al. (23) . In our study, however, 90.4% of osteocytes adjacent to cortical eroded surfaces were positive for sclerostin.
The high proportion of sclerostin positive osteocytes seen in our study led us to examine bone samples from patients with sclerosteosis, the disease that occurs due to a single nucleotide mutation in the SOST gene and results in absent sclerostin protein (15, 16) . We have found no suggestion that the recruitment of osteocytes (as inferred from osteonal lacunar density) was altered in the osteons of mastoid bone specimens removed during the operation from three cases of sclerosteosis. It seems that in sclerosteosis the balance between the formation of bone matrix and the incorporation of new osteocytes is not grossly disturbed. If sclerostin were to act by globally inhibiting bone lining cells (retired osteoblasts) from activating remodeling (5), one might expect to see increased activation frequency and eroded surface in sclerosteosis. Published data, although limited, are contrary to sclerostin acting this way, since indices of resorption were not elevated in bone biopsies from sclerosteosis patients, despite a doubling of the cancellous bone volume and labeled surfaces and a fivefold higher osteoid volume (22) . The bone lining cell is thought to influence bone formation in either of two ways. First, lining cells may initiate bone formation on an existing bone surface by reverting to an osteoblast phenotype (a process termed modeling) under certain conditions (24, 25) . Second, bone lining cells may be involved in initiating bone resorption (e.g., through RANK ligand expression; ref 26 ) and a subsequent wave of bone formation (termed remodeling). Therefore, in sclerosteosis it seems more likely either that bone lining cells revert to the active osteoblast phenotype or less radically that existing osteoblasts are able to maintain their working state for longer, making more bone at each site, enabled in part by a longer osteoblast lifespan.
There is evidence that periosteal bone expansion is a feature of advancing age, even in late adulthood (27) (28) (29) . The pattern of decreasing osteocytic sclerostin expression we observed on approaching the periosteal surface (Fig. 4) is noteworthy, as the osteocytes are unlikely to be newly embedded at this site. This arrangement of osteocytic sclerostin expression might have a role in regulating normal periosteal expansion, whereas complete disinhibition of periosteal osteoblasts (due to absent sclerostin) could lead to the cranial canal compression and cortical bone expansion seen in sclerosteosis.
How sclerostin inhibits the function of osteoblasts and bone lining cells has been the subject of intensive recent study. Sclerostin might function as a BMP inhibitor, reducing the differentiation of osteoprogenitor cells (10) and promoting osteoblast apoptosis (11) . However, since sclerostin was subsequently shown not to inhibit early BMP-induced responses in vitro, it was suggested that it might act by modulating Wnt signaling (9) . Recently, Li et al. (12) have found that sclerostin functions as an inhibitor of mature osteoblast activity, by binding to LRP5 and 6 and inhibiting canonical Wnt signaling in osteoblast-like cultures. The therapeutic potential of sclerostin protein antagonism is being explored with the development and testing of monoclonal antibodies to sclerostin in mice and rats resulting in significant increases in BMD at several skeletal sites (30) .
A limitation of the present study was that subjects were relatively physically inactive after having suffered a stroke, so the proportion of sclerostin positive osteocytes might be unrepresentative of that seen in the normal population. Although the iliac bones of the stroke patients investigated here were subject to a degree of under loading, this study was not powered to explore the response of osteocytic sclerostin expression/secretion to mechanical load. Understanding the response of osteocytic sclerostin expression to conditions of over-and underloading is a priority in future work.
This study adds to the growing body of knowledge concerning the regulatory role of osteocytes in maintaining bone structure and strength. Our findings are the first demonstration of how live osteocytes might fine-tune bone formation by the timely secretion of an inhibitory signal. The regulation of bone construction is an important function of osteocytes, adding to their recently established role in targeting bone destruction through apoptosis (31-33) and signaling through biochemical mediators (34, 35) . They form a syncytium of cells through their connections with each other and with bone lining cells. Until now, it has not been possible to attribute an active role for the osteocyte in suppressing the activities of either osteoclasts or osteoblasts. Together with previous work, our study suggests that the osteocyte may influence the local growth and renewal of bone in several ways; by regulating its own survival (31) or signaling through molecules such as osteopontin (34) , it may control the local activity of osteoclasts and by secreting sclerostin it might determine how much new bone is laid down to replace what has previously been removed by osteoclasts. Thus a picture is emerging of the osteocyte as architect of the evolving microscopic structure of bone.
In conclusion, the results of this study confirm earlier work suggesting that osteocytes are the principal class of bone cells expressing sclerostin. Osteocyte expression of sclerostin is a delayed event so that sclerostin is produced only by mature osteocytes after they become embedded in matrix that has been mineralized (Fig. 5) . From then on, mature osteocytes appear to express sclerostin whether they are located in osteons or in the interstitial bone. Whether sclerostin expression by osteocytes in a new osteon is associated with the gradual decline in matrix apposition rate seen in normal osteonal infilling (5) or in modulating the mineralization of that osteon requires further study. These experiments strengthen the supposition that sclerostin is a key inhibitor that plays a central role in determining the normal extent of bone formation and consequently protects against the deleterious effects of uncontrolled bone growth (sclerosteosis). Our findings help us understand the functional role of osteocytes in maintaining bone tissue and by showing how restricted sclerostin expression is in bone make the SOST gene product a highly promising target for developing new pharmaceutical approaches to managing osteoporosis. (coordinates X o ,Y o ) has been marked on the image. The distance of the osteocyte from canal mask 1 (gray hand-drawn area, converted to a circle with radius r c1 ), the periosteum and canal 2 was calculated using Pythagoras' theorem (equations A, B, and C respectively). Distance A is the distance of the osteocyte from its closest surface/edge in this example. 
